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Abstract
We propose a Newtonian semiclassical gravity theory based on the
GRW collapse theory with matter density ontology (GRWm), which we
term GRWmN. The theory is proposed because, as we show, the standard
Newtonian semiclassical gravity theory based on the Schroedinger-Newton
equations does not have a consistent Born rule probability interpretation
for gravitationally self-interacting particles and implies gravitational cat
states for macroscopic mass superpositions. By contrast, we show that
GRWmN has a consistent statistical description of gravitationally self-
interacting particles and adequately suppresses the cat states for macro-
scopic superpositions. Two possible routes to experimentally testing GR-
WmN are also considered. We conclude with a discussion of possible
variants of GRWmN, what a general relativistic extension would involve,
and various objections that might be raised against semiclassical gravity
theories like GRWmN.
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1
1 Introduction
The problem of how to consistently couple a classical gravitational field to quan-
tized matter was first addressed by Moeller [1] and Rosenfeld [2] in the 1960’s,
who proposed the semiclassical Einstein equation (also called the “Moeller-
Rosenfeld” equation)
Gnm =
8piG
c4
< ψ|Tˆnm|ψ >, (1)
where < ψ|Tˆnm|ψ > is interpreted as the (either second quantized or first quan-
tized) quantum expectation value of the stress-energy-momentum tensor opera-
tor (Tˆnm[φˆ, g] in the second quantized case and Tˆnm(xˆ, g) in the first quantized
case). Motivated from standard quantum mechanics, this is argued [3, 4] to be
the only consistent way of incorporating a quantum description into the right
hand side of (1) while keeping the left hand side a classical field2. Equation
(1) can also be formally derived from the semiclassical approximation of the
Wheeler-deWitt equation in canonical quantum gravity, for N quantum mat-
ter fields interacting with the quantized gravitational field as N → ∞ [4, 5]; it
can also be motivated by various (non-string theoretic) approaches to emergent
gravity [6, 7, 8, 9].
It is noteworthy that (1) is the basis for several major results in theoret-
ical astrophysics in the 70’s and 80’s - Hawking radiation from black holes,
the cosmological perturbations generated in cosmic inflation, particle pair pro-
duction on expanding spacetimes, the creation of naked black hole singular-
ities, traversable wormhole solutions, and warp drive spacetimes, to name a
few [10, 11]. In the 90’s and 2000’s, a semiclassical gravity theory known as
“stochastic gravity” [5] was proposed as a theoretical bridge between (1) and
the as-yet-unknown theory of quantum gravity, and has led to new theoret-
ical predictions for the aforementioned astrophysical phenomena. And most
recently, a variant of the semiclassical gravity theory based on (1), known as
“gravitational-aether” theory, has been proposed as an observationally testable
solution to the old cosmological constant problem [12] and as a novel solu-
tion to the endpoint of gravitational collapse in black holes [13]. In addition to
these general relativistic results, a nonrelativistic approximation of (1) known as
the Schroedinger-Newton (SN) equations has been used by several researchers
[3, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] to predict nonlinear semiclassi-
cal gravitational effects that could be observable in future experiments with
macro-molecular interferometry [3, 14, 18, 19, 21, 24, 25, 26] and other macro-
scopic/mesoscopic quantum systems [20, 23, 24, 27]. Thus, research on semi-
classical gravity theories based on (1) is a highly active area, with potentially
2The other possible approaches on might try are 1) to equate the left hand side with
the stress-energy tensor operator, and 2) to make an eigenvalue equation out of the Einstein
equation. The first possibility doesn’t make physical or mathematical sense because one
equates a c-number with an operator, while the second possibility fails because the components
of the stress-energy tensor don’t commute and cannot be simultaneously diagonalized.
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significant implications for theoretical astrophysics, cosmology, and quantum
gravity phenomenology.
However, in spite of all these theoretical motivations and applications, the
formulation of semiclassical gravity based on (1) has serious difficulties in its
foundation, among them being the lack of a consistent Born rule probability
interpretation for gravitationally self-interacting nonrelativistic particles [24],
and the well-known gravitational ‘cat-state’ solutions [4, 10, 15, 17] which are
known to be experimentally ruled-out [28]. Both problems have been previously
discussed in the context of the SN equations [4, 10, 15, 17, 24], and the primary
aim of this paper is to propose a modification of the SN equations in which the
collapse dynamics of Ghirardi-Rimini-Weber (GRW) [29, 30] is used to give a
consistent statistical description of gravitationally self-interacting particles, and
to adequately suppress the cat state solutions for macroscopic superpositions.
We begin our paper by reviewing the arguments showing inconsistency with
the Born rule interpretation, and suggest what the correct physical interpreta-
tion of the SN equations should be. We then review the existence of macroscopic
gravitational cat-state solutions by way of a simple example and show that such
solutions, coupled with the correct physical interpretation of the SN equations,
imply that the SN equations do not correctly describe the semiclassical gravi-
tational field for macroscopic matter distributions. Next we develop the GRW
collapse modification of the SN equations, showing how it leads to a consistent
statistical description of gravitationally self-interacting particles and adequately
suppresses cat states for macroscopic superpositions. We then discuss experi-
mental possibilities for testing our GRW modification of the SN equations, by
re-examining two physical scenarios within which the SN equations have been re-
cently suggested to make new predictions within experimentally testable reach.
We conclude the paper with a discussion of possible variants of our proposed
GRW modification, a discussion of what would be involved in a general rela-
tivistic extension, and a discussion of possible objections that might be raised
against semiclassical gravity theories more generally.
2 Inconsistency with the Born rule interpretation
To illustrate the inconsistency with the Born rule interpretation for gravi-
tationally self-interacting particles, we first take the Newtonian limit of (1),
making the simplifying assumption that |ψ > is a first-quantized wavefunc-
tion and Tˆnm = Tˆnm(xˆ, g) so that (1) specifically corresponds to the Einstein-
Klein-Gordon system [31, 32]. With the approximations gnm = ηnm + hnm,
|T ij|/T 00 << 1, and v << c, it can readily be shown [31, 32] that (1) reduces
to the semiclassical Newton-Poisson equation,
∇2V (x, t) = 4piGm|ψ(x, t)|2, (2)
with solution
V (x, t) = −G
ˆ
m|ψ(x′, t)|2
|x− x′| d
3x′, (3)
3
and ψ satisfying the nonlinear integro-differential Schroedinger equation,
i~∂tψ(x, t) = − ~
2
2m
∇2ψ(x, t) +mV (x, t)ψ(x, t). (4)
The N-body generalizations3 (ignoring the interaction potential term for sim-
plicity) are as follows:
∇2V (x, t) = 4piG
ˆ
dx′1...dx
′
N |ψ(x′1...x′N , t)|2
N∑
i=1
miδ
3(x− x′i), (5)
and
i~∂tψ(x1...xN , t) = −
N∑
i=1
~
2
2mi
∇2iψ(x1...xN , t)+
N∑
i=1
miV (xi, t)ψ(x1...xN , t), (6)
with the solution to (4) given by
V (xi, t) = −G
N∑
j=1
ˆ
mj |ψ(x′1...x′N , t)|2
|xi − x′j |
dx′1...dx
′
N . (7)
The coupled equations defined by (2)-(4) or (5)-(6) are the single and many
particle SN equations respectively [4, 17]. Following Adler [24], we now make
the independent particle approximation of (5)-(7) by introducing the ansatz,
ψ(x1...xN , t) =
N∏
r=1
ψr(xr, t), (8)
with each single particle ψr normalized through
ˆ
d3xr|ψr(xr, t)|2 = 1. (9)
Using (8), Adler shows in a straightforward derivation that (6)-(7) take the form
i~∂tψs(xs, t) = − ~
2
2ms
∇2sψs(xs, t) + U(xs, t)ψs(xs, t), (10)
where
3It should be noted that our assumption that the SN equations have a valid N-body general-
ization presumes a particular approach to (1); namely, the approach of Moeller and Rosenfeld,
Kibble and Randjbar-Daemi [33], and Boughn [34], who consider (1) as a fundamental de-
scription of gravity for a single particle or field as well as for many particles or fields. By
contrast, in canonical quantum gravity, (1) is valid only as a single-body mean-field equation,
when one has N matter fields or particles interacting with the quantized gravitational field
as N → ∞ [4, 5]. Nevertheless, this difference will not affect the validity of our subsequent
analyses, which will apply to both the single-body and N-body versions of the SN equations.
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U(xs, t) = −G
N∑
u=1
ˆ
d3x′u
msmu|ψu(x′u, t)|2
|xs − x′u|
. (11)
Note that although (10)-(11) has the same structure as the time-dependent
single particle Schroedinger equation that one gets by treating the Newtonian
inter-particle potential in the Hartree approximation, it differs in that, for u = s,
it includes a self-interaction term of the form
−G
ˆ
d3x′s
m2s|ψs(x′s, t)|2
|xs − x′s|
. (12)
To see that such a term does not have a consistent Born rule interpretation, we
should first consider a term with u 6= s,
−G
ˆ
d3x′u
mums|ψu(x′u, t)|2
|xs − x′u|
. (13)
According to the Born rule interpretation, this would say that the gravitational
potential felt by particle s at coordinate xs, as a result of the presence of par-
ticle u at x′u, is the Newtonian potential −Gmums/|xs − x′u| weighted by the
probability |ψu(x′u, t)|2 of finding the particle u at x′u. However, as Adler notes,
this interpretation does not apply to the case of u = s, since when particle s is
at xs, the probability of simultaneously finding it at x
′
s is clearly zero. He also
shows this in terms of projection operators - for the case u 6= s, we have that
Pu(x
′
u)Ps(xs) gives a nonzero projector for finding particle s at xs and particle u
at x′u. But for u = s, we have that Ps(x
′
s)Ps(xs) = 0 for all x
′
s 6= xs. So the SN
equations do not have a consistent Born rule interpretation of the gravitational
self-interaction term for individual particles.
As further support for this conclusion, it is noteworthy that van Wezel and
van den Brink [35] also concluded that the SN equations cannot recover the
Born rule for self-gravitating particles, by studying the SN time-evolution of a
two-state mass superposition. Although they claim to be able to recover the
Born rule for the two-state superpositon by making the gravitational potential
complex-valued, they found that this approach does not work for superpositions
of more than two states.
In spite of these arguments, it is still claimed by some researchers [3, 14] that
the standard Born rule interpretation remains consistent for the SN equations
because |ψ|2 still satisfies the familiar continuity equation,
∂|ψ|2
∂t
= ∇ ·
[
i~
2m
(
ψ∗
←→∇ ψ
)]
. (14)
Adler’s arguments are clearly correct, so how do we reconcile this with (14)?
It of course does not logically follow that if a density such as |ψ|2 satisfies a
continuity equation like (14) then it must necessarily be a probability density.
If we interpret m|ψ|2 as a real physical mass-matter density field in space-time,
as opposed to a mean mass density associated with an ensemble of particles,
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then it can certainly satisfy (14) for all times without having a probability
interpretation. In this case, we would just interpret (14) as a statement of local
mass conservation for a massive ‘fluid’ of density m|ψ|2. Note that this physical
interpretation does not suffer from any inconsistency problem when applied to
gravitationally interacting and self-interacting particles. For the u 6= s case,
we would say that (13) describes the gravitational potential felt by ‘particle’ s
at coordinate xs from the matter density source mu|ψu(x′u, t)|2 for ‘particle’ u.
And for the u = s case in (12), we would just interpret this as the gravitational
self-potential felt by the mass-matter density field ms|ψs(x′s, t)|2 from the point
x′s to the point xs within the density4
We will therefore claim that the correct physical interpretation of the SN
equations is that they describe a world in which the wavefunction in configura-
tion space drives the dynamical evolution of a real physical matter density field
(or a set of N matter density fields in the N-particle case) in 3-space, the evolv-
ing matter density field(s) sources an evolving classical gravitational potential
in 3-space, and this gravitational potential couples back to the wavefunction,
thereby altering the dynamical evolution of the matter density field (the so-
called gravitational ‘back-reaction’). No statistical interpretation enters here.
Of course, this also means that the SN equations, correctly interpreted, have no
means of giving a consistent statistical description of the semiclassical gravita-
tional effects they predict, making them hard to take seriously as the basis for
an empirically viable semiclassical gravity theory.
As a result of reaching the same conclusion about the empirical viability
of the SN equations, Adler poses the following questions (which he does not
attempt to answer) [24]. Do the problems that we have encountered (inconsis-
tency with the Born rule interpretation) indicate that a semiclassical approach
to gravitation is inconsistent, and hence that gravity must be quantized? Or
do they only indicate that a modification of the Moeller–Rosenfeld and SN ap-
proach should be sought, which will make possible a consistent semiclassical
theory of gravitational effects? As we will later see, a modification of the SN
equations is indeed possible that leads to a physically and statistically consistent
nonrelativistic semiclassical theory of gravitational effects.
3 Existence of gravitational cat states
Unfortunately, in addition to lacking a consistent statistical description of gravi-
tationally self-interacting particles, the correct physical interpretation of the SN
equations contains another problem for its empirical viability - the existence of
gravitational cat states for macroscopic matter distributions. The SN equations
can be shown to admit cat states as follows. Elaborating the example by Ford
[10], suppose we have a superposition state,
4This interpretation is in fact identical to the interpretation of the gravitational self-
potential for a continuous mass density in classical Newtonian gravity theory. The only
(albeit nontrivial) difference in the SN case is that the mass density is defined in terms of the
mod-square of a wavefunction evolving by the SN equations.
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ψcat =
1√
2
[φleft + φright] , (15)
where each state in the superposition corresponds to a macroscopic matter dis-
tribution in a distinct location (a 1000 kg mass occupying a volume located on
the left or right side of a room). Inserting ψcat into (2) then gives
∇2Vcat = 4piG
[m
2
|φleft|2 + m
2
|φright|2
]
, (16)
with solution
Vcat = −G
ˆ m
2
[|φleft|2 + |φright|2]
|x− x′| d
3x′. (17)
In other words, we have a semiclassical gravitational field, gcat = −∇Vcat, which
is an average of the fields due to the two distributions separately (in this case, the
gravitational field is the sum effect of two 500 kg masses on opposite sides of the
room). By contrast, the simplistic application of the measurement postulates of
quantum mechanics would tell us that if we were to measure the gravitational
field with an external test particle, mtest, the particle would feel a gravitational
force from a single 1000 kg matter density source occupying a single location, and
in different locations with equal frequency in multiple measurement trials. As
we saw in the previous section, such measurement outcomes are not predicted
by anything in the (correctly interpreted) SN equations Moreover, Page and
Geilker’s torson balance pendulum experiment has already disconfirmed the
gravitational field predicted by (17) for macroscopic superpositions [4, 28].
It should be remarked that incorporating the effects of environmental deco-
herence does not get rid of these cat states (for essentially the same reason that
decoherence doesn’t solve the quantum measurement problem); all decoherence
can do is ensure that φleft(q) · φright(q) ≈ 0 (i.e. φleft and φright have disjoint
supports in configuration space) for all q = (x1, ..., xN ) so that there are no
interference terms contributing to the right hand side of (16). It should also be
emphasized that the gravitational self-localization effect discovered in numeri-
cal simulations by Salzman and Carlip [3], Giulini and Grossardt [21], and Van
Meter [19], does not solve the cat states problem either - all the self-localization
effect potentially does is ensure that each state in the superposition will localize
separate, 500 kg mass distributions around their respective locations in 3-space.
Thus we see that not only are these cat state solutions inconsistent with
experiment, there is no known physical mechanism based on the SN equations
alone that can suppress them. To incorporate a mechanism that can requires
modifying the SN equations in a non-trivial way, as we will see in the next
section.
4 GRWmN
Given the inconsistency with the Born rule intepretation and the existence of
gravitational cat states, it is clear that semiclassical gravity based on the SN
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equations (or the Moeller-Rosenfeld equation) alone is not empirically viable,
nor really consistent with the postulates of standard quantum mechanics. We
suggest that one straightforward way to modify the SN equations so as to give a
consistent physical and statistical description of gravitationally self-interacting
particles while also solving the cat states problem, is to develop a semiclassical
gravity theory based on an alternative collapse theory to standard quantum me-
chanics, namely, the GRW theory [29]; and in particular, the variant of the GRW
theory with matter density ontology (GRWm) [30]. We develop a nonrelativistic
version of such a theory in this section.
4.1 Defining equations
For a single-body system, the “GRWm-Newton” (GRWmN) equations are de-
fined as follows. As in our interpretation of the SN equations, we postulate the
existence of a real physical matter density field in space-time,
m(x, t) = m|ψ(x, t)|2, (18)
which we use as a source in the Newton-Poisson equation,
∇2V (x, t) = 4piGm(x, t), (19)
where
V (x, t) = −G
ˆ
m(x′, t)
|x− x′| d
3x′. (20)
This gravitational ‘self-potential’ couples back to the wavefunction via the SN
equation,
i~∂tψ(x, t) = − ~
2
2m
∇2ψ(x, t) −Gm
ˆ
d3x′
m(x′, t)
|x− x′|ψ(x, t), (21)
but now the wavefunction undergoes discrete and instantaneous intermittent
collapses according to the GRW collapse law. That is, the collapse time T occurs
randomly with constant rate per system of Nλ = λ = 10−16s−1, where the
post-collapse wavefunction ψT+ = limtցTψt is obtained from the pre-collapse
wavefunction ψT− = limtրTψt through multiplication by a Gaussian function,
ψT+(x) =
1
C
g(x−X)1/2ψT−(x), (22)
where
g(x) =
1
(2piσ2)3/2
e−
x
2
2σ2 (23)
is the 3-D Gaussian function of width σ = 10−7m, and
C = C(X) =
(ˆ
d3xg(x−X)|ψT−(x)|2
)1/2
(24)
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is the normalization factor. The collapse center X is chosen randomly with
probability density ρ(x) = C(x)2, and the space-time locations of the collapses
are given by the ordered pair (Xk,Tk) . Between collapses, the wavefunction just
evolves by (21). The generalization to an N-body system is as follows. We have
N matter density fields in 3-space as given by,
m(x, t) =
ˆ
dx′1...dx
′
N |ψ(x′1, ..., x′N , t)|2
N∑
i=1
miδ
3(x− x′i), (25)
which act as the source in the Newton-Poisson equation,
∇2V (x, t) = 4piG
ˆ
dx′1...dx
′
N |ψ(x′1...x′N , t)|2
N∑
i=1
miδ
3(x− x′i). (26)
The solution of (26) enters into the N-body SN equation,
i~∂tψ(x1...xN , t) = −
N∑
i=1
~
2
2mi
∇2iψ(x1...xN , t)−G
N∑
i,j=1
ˆ
mimj(x
′
j , t)
|xi − x′j |
dx′1...dx
′
N ,
(27)
and the solution of (27) undergoes collapse according to
ψT+(x1, ..., xN ) =
1
C
g(xi −X)1/2ψT−(x1, ..., xN ), (28)
with probability density
ρ(X) = C(X)2 =
ˆ
dx′1...dx
′
Ng(x
′
i −X)|ψT−(x′1, ..., x′N )|2, (29)
where i is chosen randomly from 1, ..., N.
The equations of GRWmN for a single body say the following - a wave-
function in 3-space, which evolves by (21) and undergoes the random collapse
process in (22), drives the dynamical evolution of a matter density field in 3-
space via (18). When the wavefunction collapses, it localizes the matter density
field around a randomly chosen point in 3-space, with width of 10−7 meters,
with the probability of the randomly chosen point being largest where the mod-
squared of the uncollapsed wavefunction is largest, as indicated by (23). This
evolving matter density field also sources a gravitational potential in 3-space
via (20), and this potential couples back to the wavefunction via (21), which in
turn alters the evolution of the matter density field via (20) again.
For N-bodies, the wavefunction lives in configuration space R3N , evolves
by (27), and undergoes the collapse process in (28); this wavefunction drives
the dynamical evolution of N matter density fields in 3-space via (25) so that
when the wavefunction collapses, it randomly localizes the matter density fields
around randomly chosen (non-overlapping) points in 3-space, each of width
10−7 meters, and with probability density given by (29). As before, each of
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these matter density fields acts as a source for a gravitational potential in 3-
space that couples back to the N-body wavefunction via (26)-(27), which in turn
alters the evolution of the matter density fields via (25) again.
4.2 Consistent statistical description of gravitationally self-
interacting particles
In contrast to the SN theory5, GRWmN gives a consistent physical and statis-
tical description of gravitationally self-interacting particles. To see this, let us
reconsider the example in section 2.
In GRWmN, mu|ψu(x′u, t)|2 is interpreted as the real physical matter density
field mu(x
′
u, t) for ‘particle’
6 u, with the probability for the collapse center Xu
given by the separately defined GRW probability law,
ρ(Xu) =
ˆ
d3x′ug(x
′
u −Xu)|ψT−(x′u)|2, (30)
with collapse rate per particle of λ = 10−16 1s . One would then say that the
gravitational potential felt by particle s at coordinate xs from the matter density
field mu(x
′
u, t) is
−
ˆ
d3x′uG
msmu(x
′
u, t)
|xs − x′u|
(31)
and this is true whether the matter density for particle u corresponds to the
uncollapsed wavefunction evolving by the SN equations or the collapsed wave-
function defined by (22). Hence, if we now consider the case u = s, we can see
that GRWmN has no problem handling it - as in our interpretation of the SN
equations, we would just interpret the expression,
−G
ˆ
d3x′s
msms(x
′
s, t)
|xs − x′s|
, (32)
as the gravitational self-potential felt by the matter densityms(x
′
s, t) = ms|ψs(x′s, t)|2
from the point x′s to the point xs within the density; and this interpretation
holds whether the matter density for particle s corresponds to the uncollapsed
wavefunction or the collapsed wavefunction. Moreover, it is clear that the prob-
ability for the matter density for particle s to collapse to center Xs continues
to be consistently given by (30) for u = s.
5By the “SN theory”, we refer to the (in our view) correct physical interpretation of the SN
equations discussed in section 2.
6We use parentheticals to emphasize that, just as in GRWm, there are no particles in the
fundamental physical ontology of GRWmN since the matter density is a field distribution on
space-time; particle-like states can be said to emerge though when the wavefunction collapses
and localizes the matter density to a Gaussian distribution of very narrow but finite width of
10−7meters.
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4.3 Suppression of gravitational cat states
The GRWmN wavefunction, when evolving deterministically by the SN equa-
tions, also admits gravitational cat states; but because the GRWmN wavefunc-
tion undergoes random collapses according to (22) or (28), which scales with the
number of particles, those cat states are not macroscopically observable. (Also,
the gravitational field produced by a cat state for a single elementary particle
is presumably far too weak to be experimentally measured.) For example, for
a massive object composed of Avogadro’s number of particles, the collapse rate
is ∼ 107 1s . So the individual matter fields composing the massive object will
be localized around definite points in space frequently enough to give the ap-
pearance of a macroscopic matter distribution occupying a particular volume of
space.
Returning then to the example of a 1000 kg mass in the cat state ψcat =
1√
2
[φleft + φright], it is clear that the number of systems needed in practice
to compose such a matter distribution would imply an astronomically faster
collapse rate; and when such collapses take place via (28), equations (26) and
(29) say that the result will be the appearance of a single 1000 kg mass localized
on either the left or right side of the room (assuming the collapse center X for
each system takes a binary outcome) with equal frequency. More precisely,
whereas the uncollapsed matter density (using for simplicity the single-particle
equation),
mcat(x, t) = m|ψcat|2 = 1
2
[mleft(x, t) +mright(x, t)] , (33)
produces the gravitational potential,
Vcat = −G
ˆ 1
2
[mleft(x
′, t) +mright(x′, t)]
|x− x′| d
3x′, (34)
the GRW collapse gives either the state
ψT+,left(x) =
1
Cleft
g(x−Xleft)1/2ψT−,cat(x), (35)
or
ψT+,right(x) =
1
Cright
g(x−Xright)1/2ψT−,cat(x), (36)
resulting in either the matter density
mleft(x, t) = m|ψT+,left(x)|2, (37)
or
mright(x, t) = m|ψT+,right(x)|2, (38)
and either the gravitational potential
11
Vleft = −G
ˆ
mleft(x
′, t)
|x− x′| d
3x′, (39)
or
Vright = −G
ˆ
mright(x
′, t)
|x− x′| d
3x′. (40)
The collapse center probability densities are correspondingly given by
Pleft(Xleft) = C
2
left =
1
2
ˆ
d3xg(x−Xleft)|ψT−,cat(x)|2, (41)
and
Pright(Xright) = C
2
right =
1
2
ˆ
d3xg(x−Xright)|ψT−,cat(x)|2. (42)
This ensures that the gravitational field deflecting the test particle in a single
trial will look like it is due to only one matter density source at only one of the
locations, with the right amount of mass, and with equal location frequency in
N trials. In this way, the gravitational field predicted by GRWmN is consistent
with that observed in the Page and Geilker experiment, in contrast to standard
semiclassical gravity.
Some comments are in order. First, it is known that the GRW collapse causes
a spontaneous increase in the average center-of-mass energy for any system of N
equal-mass particles [29, 36]. So one would expect that the mass-equivalent of
this increase in average c.o.m. energy would contribute to the observed gravita-
tional field obtained from (39) or (40). In particular, it would slightly increase
the gravitational field strength produced by the collapsed matter density on
the left or right side and thus predict a slightly stronger deflection of the test
particle in the corresponding direction than would be expected from just the
bare mass value m. While this is true, it is well-established [29, 36] that the
rate of increase in average c.o.m. energy due to the collapses is so tiny that it is
not macroscopically detectable with current experimental capabilities7, making
the contribution to the gravitational field produced by (39) or (40) negligible as
well.
Second, readers may notice a close parallel of the cat states problem in semi-
classical gravity with the quantum measurement problem in the context of the
Schroedinger-cat thought experiment. Indeed, it could be said that the cat
states problem is a manifestation of the measurement problem in the context of
semiclassical gravity, hence why the SN theory (which is based on the standard
quantum mechanics that originates the measurement problem) suffers from it
and GRWmN (which is free of the measurement problem by virtue of the GRW
7The rate of average energy increase is given in Ghirardi et al. [29] by the formula dE/dt =
(~2λ/4mσ2). For the GRW values of λ and σ, and using 1000 kg as the mass, this gives a
miniscule value of ∼ 10−73 Joules per second. It would then take 1063 years to increase the
average mass-energy by only 1 mJ.
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collapse mechanism) does not. Note, however, that not all proposed solutions to
the measurement problem extend successfully to semiclassical gravity. For ex-
ample, extending the Many-Worlds interpretations of Everett and Schroedinger
[37] to the Moeller-Rosenfeld and SN equations leads to the prediction that
both branches of ψcat should continue to exist macroscopically and produce a
semiclassical gravitational field of the form in (17), which we already noted is
ruled out by the Page and Geilker experiment. This suggests that, to the extent
that one takes semiclassical gravity theory seriously, it can be used as a testing
ground for the robustness of any claimed solution to the measurement problem
in standard quantum mechanics8.
4.4 Experimental prospects
In addition to the GRW collapse process, the branches of the wavefunction
in GRWmN can undergo the gravitational self-localization effect observed in
numerical simulations of the SN equations for a free Gaussian wavepacket. In
particular, Giulini and Grossardt found that form = 1010 amu and initial width
of 0.5 microns, a Gaussian wavepacket will undergo self-localization, reach a
minimum width of 0.4 microns in 30,000 seconds, and disperse again thereafter
[21]. We would argue that GRWmN significantly improves the plausibility of
this prediction of the SN equations, considering that GRWmN gives a physically
and statistically consistent semiclassical description of gravitational effects and
the SN theory does not.
As it has been suggested [21, 25, 26] that molecular interferometry experi-
ments with macromolecule clusters may eventually reach this mass scale, it is
natural to ask if GRW collapse might also be observable at this mass scale and
perhaps happen ‘on top of’ the self-localization effect. If we make the generous
assumption that in GRWmN a mass of 1010 amu corresponds to 1010 particles
of 1 amu, this gives an approximate collapse rate of 10−6 1s , or 10
6s for each col-
lapse. In other words, to have a chance of observing a single GRW collapse event,
we would have to maintain the coherence time of the wavepacket for a minimum
of about 33 times longer than the timescale it takes the self-localization to reach
the minimum width.
It remains to be seen whether technological advancements in molecular in-
terferometry that allow for maintaining coherence times of 30,000 seconds will
also allow for maintaining coherence times of 106s or greater. Even so, we note
that if self-localization is not observed at the mass scale predicted by the SN
equations used in GRWmN, this will be sufficient to falsify GRWmN as a semi-
classical theory of gravity. And if self-localization is observed, it would be strong
evidence for GRWmN or some dynamical collapse variant of GRWmN9.
8It is interesting to consider whether solutions to the measurement problem based on non-
local ‘hidden-variables’, e.g. the de Broglie-Bohm theory or Nelson’s stochastic mechanics,
can also solve the cat states problem when extended to semiclassical gravity. This will be
examined in a forthcoming paper.
9It should also be made clear to what extent experimental confirmation or falsification of the
predictions of GRWmN could also be taken as experimental confirmation or falsification of the
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It is also worth commenting on Yang et al.’s [20] recent observation that
the SN equations predict that a single macroscopic quantum object (modeled
by a squeezed Gaussian state) evolving in a harmonic potential has a quantum
uncertainty that evolves at a different frequency than the standard quantum
mechanical eigenfrequency, and that testing such a prediction is within the ca-
pabilities of state-of-the-art optomechanical experiments. Yang et al. compute
quantum expectation values of quantum operators and implicitly assume the
applicability of the Born rule and quantum projection postulate. But given our
observations about the inconsistency of the Born rule as applied to the SN equa-
tions, this should raise doubts about the plausibility of the method by which
they obtained their prediction. Thus, it would seem important to analyze the
physical system they consider in the context of a semiclassical gravity theory
that does have a consistent statistical description, e.g. GRWmN. In fact, we
would expect GRWmN to give expectation values very close to that found by
Yang et al., given that the GRW probability density formula (29), and expec-
tation values of GRW operators computed with it, in general gives values very
close to - but not exactly equal to - the Born rule distribution of quantum me-
chanics and expectation values of quantum operators computed with it [29, 40].
If correct, this would give us much greater confidence in Yang et al.’s prediction
of a frequency difference, and it would be yet another route to experimentally
testing GRWmN. Perhaps an even more feasible prediction to test than either
the self-localization effect or the GRW collapse effect.
5 Discussion
To summarize, we reviewed the problem of the inconsistency of the SN equations
with the Born rule interpretation and the problem of gravitational cat states. We
then presented a GRW modification of Newtonian semiclassical gravity, called
GRWmN, to solve these problems. In this way, we showed that one can have
a nonrelativistic semiclassical gravity theory related to the Moeller-Rosenfeld
equation that’s empirically viable in its physical and statistical description of
GRW approach to quantum theory more generally. While self-localization not being observed
at the predicted mass scale would falsify GRWmN, it would not be sufficient to falsify the GRW
approach more generally - if gravity is fundamentally quantized, it is possible that the correct
description of quantum gravity is not the Wheeler-deWitt equation of canonical quantum
gravity (from which the SN equations are obtained as the semiclassical approximation), but a
different approach that has a semiclassical approximation that does not give the SN equations
(string theory would be one example); or, if gravity is fundamentally emergent, it is possible
that the correct approach to emergent gravity is something different than the approaches
which suggest the semiclassical Einstein equation as the emergent description of gravity (the
induced-gravity approach of Sakharov [38] would be such an example). It is then logically
possible that the GRW theory could work in these alternative approaches. On the other
hand, the observation of self-localization would, as we said, be strong, indirect evidence for
the existence of the GRW collapse dynamics (or a similar collapse dynamics such as the CSL
dynamics [39]), and thus GRWmN. And if, on top of the self-localization effect, the GRW
collapse effect is observed directly, or if statistical consequences of the GRW collapse process
are confirmed directly, this would be direct confirmation of GRWmN and the GRW dynamics
it employs.
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gravitationally self-interacting particles and macroscopic mass superpositions.
In addition, we indicated how GRWmN could in principle be experimentally
testable with future molecular interferometry experiments, and how it can be
used to revise the predictions of a recently proposed macroscopic test of New-
tonian semiclassical gravity based on the SN equations.
To the extent that GRWmN is based on a version of GRW theory with
a ‘primitive ontology’10 (GRWm), one could ask if other GRW theories with
primitive ontologies could be extended to semiclassical gravity. Along with
GRWm, perhaps the best known GRW theory with a primitive ontology is GRWf
[30], where f stands for the ‘flash’ ontology, i.e. an ontology in which matter
is represented by the space-time locations of the collapsed wavefunction, or
the set F = {(X1, T1), ..., (Xk, Tk), ...}. Obviously the flashes can’t, on their
own, be used as a source for a semiclassical gravitational field, as they are
just space-time locations. One could perhaps modify GRWf so that at each
flash a point mass is spontaneously produced, which then acts as a source for
a gravitational potential11. However, such a theory would entail gross violation
of mass conservation every time a flash is produced, making it seem rather
contrived, even though logically possible. A more straightforward and natural
way we can see to retain the flashes in GRWf and also extend it to a Newtonian
theory of semiclassical gravity is to add the presence of a matter density field
in space-time which, upon collapse, is localized around the flashes. But this
is essentially what happens in GRWm, to the extent that the GRW collapse
localizes the matter density field around the space-time locations of the collapsed
wavefunction. It would then seem artificial and contrived to continue to insist
that the flashes constitute the primitive ontology in this approach. So the more
natural GRW approach to semiclassical gravity seems to suggest the matter
density ontology as the more natural one to describe the physical world, even
for cases when gravitational self-interaction effects can be neglected.
Concerning the collapse mechanism, although we based our formulation of
semiclassical gravity on the discrete and instantaneous GRW collapse, it seems
entirely possible to also use a continuous and non-instantaneous collapse mech-
anism such as CSL (Continuous Spontaneous Localization) [39], together with
a matter density field ontology (see for example [22]). We used the GRW col-
lapse mechanism because it is mathematically the simplest dynamical collapse
process for formulating a Newtonian semiclassical gravity model, and because it
is already used in GRWm, a theory which is known to match the predictions of
standard nonrelativistic quantum mechanics for all current experiments while
also having a primitive ontology that can be naturally extended to semiclassical
gravity. (Note that Weinberg’s recently proposed collapse model [41] contains
the GRW collapse process as a special case, and could certainly be used as well.)
On the other hand, using the CSL mechanism would have the advantage that
it would be testable with molecular interferometry at much lower mass scales
(between 106 and 108 amu, according to Nimmrichter et al. [42]) than GRWmN,
10Primitive ontology is defined in [30] as just the “variables describing the distribution of
matter in 4-dimensional space-time”.
11This possibility was suggested by T. Norsen [personal communication].
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given that the collapse rate in CSL scales quadratically with the total mass m
of a system.
Although we restricted our theory to Newtonian semiclassical gravity, it cer-
tainly seems possible to extend it to the semiclassical Einstein equation for both
first and second quantized wavefunctions. As we will show in a forthcoming pa-
per, what needs to change for this extension are 1) the collapse law and the
matter density field definition - rather than using the nonrelativistic GRW col-
lapse law, we would instead use the relativistic GRW collapse law developed
by Tumulka in [43], and the relativistic stress-energy-momentum tensor field
proposed by Bedingham et al. in [44]; 2) for first quantized wavefunctions,
the evolution equations should be the first quantized Klein-Gordon or Dirac
equation coupled to the semiclassical Einstein equation [31], while for second
quantized wavefunctions one should use the functional Schroedinger or func-
tional Dirac equation coupled to the semiclassical Einstein equation [45]. It
should be noted however that such a theory will have an inconsistency that also
plagues standard semiclassical gravity - the covariant divergence of the right
hand side of the semiclassical Einstein equation is nonzero upon wavefunction
collapse, while the covariant divergence of the left hand side is always zero (i.e.
the Bianchi identity). As Tumulka has noted [personal communication], this
inconsistency may mean that the semiclassical Einstein equation with a wave-
function undergoing the GRW evolution does not possess any solutions. This
is a question that needs further research12, in which case, a GRW version of
semiclassical gravity would seem to fare no better here at the moment than
standard semiclassical gravity.
A statistical inconsistency in semiclassical gravity theories such as the SN
equations has also been claimed by Salcedo [47], and which at first glance might
seem to apply to GRWmN and its possible general relativistic extension. Apart
from the fact that Salcedo assumes the applicability of the Born rule inter-
pretation and quantum project postulate, which as we saw have no consistent
application to the SN equations, Barcelo et al. [48] have noted that one can
interpret the violation of Salcedo’s statistical consistency criterion as an indi-
cation that semiclassical gravity theories need to be complemented with the
selection of a natural basis in Hilbert space - a notion that seems compatible
with the notion of a “pointer basis” in quantum decoherence theory (which can
readily be incorporated with the GRW formalism [49]), as well as the fact that
the GRW collapse mechanism selects out the pointer basis as the universally
preferred basis [29, 49].
One might also be concerned with Gisin’s proof [50] that any nonlinear de-
terministic wave equation, such as the SN equations or the semiclassical Einstein
equation, would allow for superluminal signaling. However, several researchers
[51, 52, 53, 14] have identified loopholes in Gisin’s proof that arguably would
invalidate the application of the proof to the SN equations. Moreover, there
is a more direct objection to the claim that Gisin’s proof applies to the SN
12Wald [46] has developed a prescription for measurement in standard semiclassical gravity
that can be given a collapse interpretation and also satisfies < Tnm >;m = 0, but it is not
clear to us if this prescription can be extended to a GRW theory.
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equations, let alone GRWmN - the proof assumes the validity of the Born rule
and quantum projection postulate, which we have seen are inconsistent with the
SN equations, and of course are not part of the GRWmN theory. One might
then ask whether the GRW collapse process allows for superluminal signaling.
Fortunately, Gisin also showed in [50] that a nonlinear stochastic collapse mod-
ification of quantum mechanics equivalent to the GRW theory does not suffer
from the problem of superluminal signaling. Hence GRWmN, insofar as it uses
the GRW collapse process, will not allow for superluminal signaling either.
Along with these (real and alleged) inconsistencies, a general relativistic
extension of GRWmN would also inherit the stability problem of standard semi-
classical gravity (i.e. the fact that the semiclassical Einstein equation is a
fourth-order system means that some solutions have runaway behavior), and
the formally divergent expectation value of Tnm [10]. But these latter problems
seem to be manageable - Ford [10] has noted for standard semiclassical gravity
that there exist adequate renormalization procedures for < Tnm >, and there
exist reasonable proposals for solving the stability problem by either reformu-
lating the semiclassical Einstein equation as an integro-differential equation to
eliminate the runaway solutions or by regarding the semiclassical gravity theory
as valid only for spacetimes that pass a certain stability criterion.
In light of all these difficulties that seem to arise in attempting to formulate a
consistent theory of semiclassical gravity, we would like to anticipate a potential
critic who might ask why one should care about doing so. Especially since many
physicists ultimately want a full quantum theory of gravity which presumably
won’t have the consistency problems of semiclassical gravity theory.
First, as mentioned in the introduction, one of the major approaches to quan-
tum gravity, canonical quantum gravity, has the semiclassical Einstein equation
as a prediction of its semiclassical approximation [4, 5]. So the semiclassical
limit of canonical quantum gravity - on which some of the calculational results
of canonical quantum gravity are based [4] - inherits all the problems we’ve dis-
cussed as semiclassical gravity theory taken as fundamental. This would seem
to suggest that canonical quantum gravity would also benefit from a GRW-type
modification13.
Second, it has been argued by some researchers that gravity may be an
emergent, collective phenomenon, in which case it would be misguided to try
and quantize it [6, 7, 8, 9, 38, 54, 55, 34]. This view motivates models of emergent
gravity mentioned earlier, which have the semiclassical Einstein equation as the
emergent description of the coupling between quantum theory and gravity [6,
7, 8]. Like with canonical quantum gravity, then, emergent gravity approaches
could also benefit from a GRW-type modification.
Third, we reiterate that semiclassical gravity (in its standard formulation),
in spite of its difficulties, has been used to derive several key results in theo-
retical astrophysics - Hawking radiation, cosmological perturbations in cosmic
inflation, particle pair production in expanding spacetimes, the creation of naked
13In this connection, it would be interesting to explore whether a GRW version of canonical
quantum gravity with matter density ontology would, in its semiclassical Newtonian approx-
imation, reduce to our GRWmN theory.
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black hole singularities, traversable wormhole solutions, warp drive spacetimes,
as just a few examples [10, 11]. There are also the more recent modifications of
semiclassical Einstein gravity mentioned earlier, such as stochastic gravity and
gravitational aether-theory, which offer new physical insights into the afore-
mentioned astrophysical phenomena. To the best of our understanding, both
stochastic gravity and gravitational aether-theory share all the previously dis-
cussed technical difficulties of standard semiclassical gravity, and so would pre-
sumably also benefit from a GRW-type modification14.
Fourth, unlike the quantum gravitational phenomena predicted by most
quantum gravity theories, many of the predictions of semiclassical gravity the-
ories may be empirically testable in the near future. On the observational
astrophysics side, the density perturbations in the CMB spectrum predicted
by semiclassical gravitational effects in eternal cosmic inflation [5] may soon
be tested with the Planck Satellite’s mapping of the CMB power spectrum
[56]. Aslanbeigi et al. [12] have also shown that gravitational aether-theory
makes observationally testable predictions for the gravitational constant of ra-
diation vs. nonrelativistic matter, as well as for the intrinsic gravitomagnetic
effect. On the experimental condensed matter side, it has been proposed by
Weinfurtner et al. [57] that a condensed matter analogue of Hawking radiation
may be observed in experiments using superfluids with supersonic flow veloci-
ties. It has also been shown by Barcelo et al. [58] that the prediction of pair
production on expanding spacetimes could be tested in a BEC that simulates
a quantum field evolving on an expanding spacetime. And of course, on the
experimental atomic/molecular physics side, we have the prediction discussed
earlier of gravitational self-localization from the SN equations, which may be
testable in molecular interferometry experiments of the near future, as well as
the quantum-uncertainty frequency difference for a macroscopic object in a har-
monic potential, which should be testable with state-of-the-art optomechanical
experiments. Given the potential testability of the various astrophysical predic-
tions of standard semiclassical gravity, and the problematic physical foundations
on which standard semiclassical gravity rests, it also seems worthwhile to re-
14In regards to stochastic gravity, it should be noted that Hu and Verdaguer [5] developed it
to deal with cat states (or large “stress tensor fluctuations” as they put it). They propose an
“Einstein-Langevin” equation, a linear equation for a stochastic metric perturbation hnm that
takes into account the fluctuations of the stress tensor and is superposed on top of the metric
gnm satisfying the semiclassical Einstein equation. It seems to us, however, that the Einstein-
Langevin equation they propose would prima facie still suffer from the cat states problem for
macroscopic superpositions since gnm is still a solution of the semiclassical Einstein equation,
and since the solution of the Einstein-Langevin equation still depends on < ψ|Tˆnm|ψ >.
We would therefore expect that a test particle sent to probe the stochastic gravitational
field gnm + hnm for a macroscopic superposition of two masses will not get deflected by a
definite mass distribution at a definite spacetime location, but rather will feel a stochastically
fluctuating gravitational field that will be an average of the fluctuating gravitational fields due
to two spatially separate masses. An analysis of this situation in the context of the Newtonian
limit of stochastic gravity has yet to be done, to the best of our knowledge. However, we would
expect the Newtonian case to give the same conclusion unless the stochasticity of the metric
perturbations can induce dynamical collapse in the pointer basis, as is the case with the
phenomenological stochastic noise field in CSL [39].
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analyze these predictions with a GRW approach to see if the GRW approach
gives differing predictions that could be observed in said tests. In this regard,
it has recently come to our attention [Struyve, personal communication] that
Landau et al. [59] have constructed and applied CSL variants of GRWmN to
a scalar quantum field undergoing cosmic inflation, and shown that such mod-
els leads to different CMB power spectrums than the standard, scale-invariant
Harrison-Zel’dovich one. They have also shown that such collapse models are
currently consistent with data on the CMB from WMAP. It remains to be seen
if such deviations are also consistent with data on the CMB from the more
recent Planck satellite.
In sum, we believe semiclassical gravity is a very worthwhile approach for
trying to consistently incorporate quantum mechanics and gravity. And we
believe dynamical collapse versions of semiclassical gravity, such as GRWmN
and its possible relativistic extensions, provide a much more promising route to
a consistent formulation of semiclassical gravity than does standard quantum
mechanics.
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